The release of acetylchoUne from autonomic nerves in those tissues that receive a cholinergic innervation is widely believed to dilate blood vessels. Exogenously administered acetylchoUne hi vivo does dilate vascular beds and produce hypotension; however, this latter effect is indirect and probably the result of liberation of endothelium-derived relaxing factor (EDRF) from endothelial cells. Some blood vessels contain a substantial population of medial constrictor receptors for acetylchoUne, and the implications of this presence for vascular control systems has been largely ignored, although it needs to be considered. A survey of the evolution of vasomotor control systems indicates that acetylchoUne serves principally as an excitatory transmitter to blood vessels. NeuraUy mediated cholinergic constriction and not dilation is found in fish, amphibians, reptiles, and birds, with responses initiated by medial muscarinic receptors. AcetylchoUne constricts many vascular preparations from these lower animals, but some vessels relax, reflecting the emergence of an EDRF responsive to acetylchoUne. An examination of cholinergic responses in mammalian vessels reveals that cholinergic (neurogenic) dilation is limited to a very few vascular beds and to only a few species. Both experimental evidence and evolutionary considerations support the likelihood that cholinergic (neural) constriction operates in some vascular regions in mammals and, in particular, in the coronary circulation of some species, including humans. In fact, constriction, and not dilation, may be the dominant vascular response to activation of the cholinergic axis in most mammals, including humans. The complications and contradictions introduced by the simultaneous presence of both EDRF and a cholinergic constrictor innervation involving medial muscarinic receptors are discussed. A variety of evidence is also presented that implicates cholinergic constriction in at least some instances of coronary artery spasm and sudden death. Received March 3, 1988; accepted January 24, 1989. little to say about neurogenic acetylcholine, except to reiterate its traditional functional assignment to a few specialized vascular beds, such as the male genitalia, the nasal mucosa, and the submandibular salivary glands. 3 -s Even such specific attributions of function, however, have generated little research interest in cholinergic mechanisms per se but instead have focused attention on the role of vasoactive peptides in neurogenic dilation.
anticipation of exertion is doubtful. Similarly, serious questions have been raised about the primacy of acetylcholine as a neurogenic dilator of other circulations, including the male reproductive vasculature, the salivary glands, and the cerebral circulation {vide infra).
Paradoxically, intense interest has recently centered around vascular relaxation to exogenous acetylcholine, which is now known to be an indirect effect, attributable to endothelium-derived relaxing factor (EDRF). 11 However, release of this labile material by acetylcholine from the intimal surface, remote from the terminations of most nerve fibers in the adventitial-medial region of the vascular wall, does not reinvigorate the hypothesis of neural cholinergic regulation. Instead, it leads one to question if vascular relaxation by acetylcholine has any neurological relevance at all. The most impressive support for the historic classification of acetylcholine as a vasodilator has been the striking hypotension produced by its injection or infusion into the general circulation, but this effect is due primarily to dilation of skeletal muscle beds and is not relatable to a neural cholinergic innervation but to the action of EDRF.
The idea that neurogenicalry released acetylcholine is a constrictor of blood vessels, and that this, instead of vascular relaxation, is its more traditional physiological function has not been seriously entertained by most investigators of cardiovascular regulation and would even seem to some to be extraordinarily farfetched. This is particularly so in these post-EDRF days, in which the constriction of large arteries in vitro by acetylcholine is deemed an artifact attributable to endothelial disruption and loss of EDRF. The hypothesis will be explored here that acetylcholine does indeed contract some mammalian blood vessels and, as such, is a principal player in the neural regulation of the circulation, and that its most strategic function is to constrict the coronary arteries of the heart and induce spasm. However, we must first consider the phylogeny of neurovascular control mechanisms as this will orient us to accept more readily the authenticity of cholinergic vasoconstriction in mammalian systems. Throughout this article the use of the term "cholinergic" is restricted to its originally intended application, namely, those neurons that work through the release of acetylcholine.
Comparative Considerations Included in the diverse group of animals identified as lower vertebrates are fish, amphibians, reptiles, and birds. Surprisingly few studies have been performed from which to glean a definitive perspective on the innervation of the vasculature in these animals, but it is clear that cholinergic vasoconstriction functions early in vertebrate evolution whereas cholinergic dilation does not.
The conceptual formulation of functionally antagonistic divisions of the autonomic nervous system, codified by Gaskell and Cannon 13 and so obvious in higher vertebrates with respect to cardiac rate, is not exemplified in vasomotor control systems. Study of the evolution of the neural regulation of blood vessels indicates instead that acetylcholine and the catecholamines each serve generally as excitatory transmitters, sometimes simultaneously in the same vascular system, except in the bronchial or lung circuit, in which it is the adrenergjc influence that is inhibitory.
Fish
Little is known about the effect of nerve activation on systemic vascular resistance in fish, but fortunately the gill circulation, which is retained in humans as the embryological basis of the coronary circulation, has been reasonably well studied.
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This vitally important blood perfusion system constricts in response to infused acetylcholine in a variety of fish, including the lungfish with its somewhat more advanced pulmonary circuit, and is controlled by a vagal excitatory innervation.
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The constrictor response to stimulation of the vagosympathetic trunk in fish is reversed to a /3-adrenergic-mediated decrease in gill resistance by atropine, the classical muscarinic receptor antagonist. 16 Histochemistry also supports the likelihood of cholinergic fibers in the vessel that carries blood to the lungs (ventral aorta), and both acetylcholine and transmural stimulation of this vessel in vitro yield atropine-sensitive constrictions that are little affected by adrenergic antagonists.-Acetylcholine also increases peripheral resistance in fish, signifying generalized vasoconstriction even in the presence of substantial initial tone, 9 ' 19 and isolated vascular preparations contract to acetylcholine. 18 -20 EDRF-mediated vasodilation to acetylcholine is not detectable in fish, and removal of the aortic endothelium does not alter contractions to acetylcholine. 21 Importantly, no instance of neurogenic dilation attributable to acetylcholine has been described in fish. Adrenergic input into the systemic circulation is primarily via circulating catecholamines rather than by sympathetic discharge, 14,19,22-24 an( j the systemic vascular tissue is not particularly responsive to norepinephrine. 21 
Amphibians and Reptiles
The systemic vascular response of amphibians and reptiles to exogenous acetylcholine already reflects evolutionary modifications. Injection of acetylcholine into the general circulation of turtles, lizards, and alligators depresses systemic blood pressure, although at least a goodly portion of this effect is assigned to slowing of the heart rate. 25 The perfused frog hind limb yields a range of responses to acetylcholine that can be interpreted as both constrictor and dilator actions, 26 the latter suggestive of EDRF, but there is no evidence of a cholinergic innervation of blood vessels in amphibian hindquarters. 18 The splanchnic bed constricts to acetylcholine in frogs, 27 but the arterioles of the retrolingual membrane dilate. 28 In vitro strips of arteries from toad and lizard contract to very low concentrations of acetylcholine (in the order of 10" 12 g/ml) 17 -29 and those of tortoise to 10~8 g/ml, 30 suggestive of physiological relevance. Field stimulation of lizard systemic artery confirms the retention of cholinergic constriction in these higher species in that there are two sets of postganglionic nerve fibers and only one of them is adrenergic. 29 Atropine substantially reduces the constrictor response to stimulation and, when combined with the adrenergic antagonist bretylium, abolishes it.
The lung vasculature in the frog, toad, and salamander is derived embryologically from the vagally dominated branchial system of fish, and it retains a strong constrictor influence that is mimicked by acetylcholine and blocked by atropine.
31 Acetylcholine and vagal stimulation induce an intense, atropinesensitive pulmonary vasoconstriction in reptiles, both in vivo and in vitro, is.3o.3i j n contrast, activation of sympathetic fibers and/or the addition of epinephrine or norepinephrine relax the pulmonary artery (reptile) or have little effect on its tone (tortoise). 30 .
31
Birds
No reports demonstrate neurogenic cholinergic dilation in birds. On the other hand, it is clear that birds retain elements of cholinergic vasoconstriction. Sequential cutting of the left and right vagus decreases systemic blood pressure, pointing to a loss of vagally mediated tone on a substantial component of peripheral vascular resistance.
32 Also, the mesenteric artery of chicken has an adrenergically innervated circular muscle and a cholinergically innervated longitudinal muscle, both of which contract to nerve stimulation.
33
- 34 An adrenergic innervation to the longitudinal muscle is inhibitory. The celiac artery of pigeons and chicks has a dual adrenergic and cholinergic constrictor innervation, 35 and a neurally mediated cholinergic contraction of mesenteric veins has been described in the chicken.
Autonomic Outflow
In summary, neurally mediated cholinergic dilation has not been demonstrated in fish, amphibians, reptiles, or birds. Exogenous acetylcholine may relax some perfused preparations in amphibians and reptiles, such as the frog hind limb, but this reflects the emergence of an EDRF responsive to acetylcholine rather than the appearance of a cholinergic dilator innervation. Systemic artery preparations constrict to acetylcholine, indicative of a medial population of muscarinic receptors, although if tone is artificially heightened, some endotheliumdependent relaxation is seen in vessels from amphibians and reptiles. 18 -21 Cholinergic nerves to blood vessels that have been identified in lower vertebrates are uniformly constrictor, with their transmitter activating vascular muscle cell receptors for acetylcholine. A consistent observation in our survey of nonmammalian species has been that the gill circulation in fish and the pulmonary circuits of amphibians, reptiles, and birds are regulated by cholinergic constrictor nerves.
In lower vertebrates, cholinergic fibers are carried to blood vessels by the cranial outflow. 18 This parasympathetic outflow innervates the pulmonary blood vessels in amphibians and reptiles as it does the more primitive vasculature of the gills in fish. 30 The cholinergic innervation to much of the remainder of the cardiovascular system in fish and amphibians is through the thoracic and lumbar outflows (considered sympathetic), even though they are predominantly cholinergic. In somewhat more advanced species, particularly reptiles and birds, the cholinergic innervation to the viscera is through cranial or sacral origins rather than through thoracic or lumbar origins, an arrangement familiar in mammals. 18 As we move up the evolutionary scale, the sensitivity of the vasculature to catecholamine-induced constriction increases. 15 Epinephrine is generally a vasoconstrictor in amphibians and reptiles, although norepinephrine is less so and has no vasoconstrictor capacity at all in some species (e.g., alligator). 36 However, an antagonistic relation between cholinergic dilator and adrenergic constrictor elements in the vasculature of amphibians and reptiles is not reliably visible. Instead, a predominant evolutionary reliance on cholinergic constriction gives way in amphibians and lizards to a shared vasoconstrictor control between adrenergic and cholinergic elements and to the novel emergence of EDRF, a possible factor in vascular tone regulation. 21 The pulmonary artery of lizard {Tiliqua rugosa) is reciprocally innervated, but the excitatory input is cholinergic and the sympathetic influence is inhibitory. 30 Regional Circulations in Mammals There is surprisingly little evidence to substantiate a significant role for neurogenic dilation by acetylcholine in any regional circulatory bed. Before the coronary arteries of the heart are considered, these other systems are first surveyed.
Penile Circulation
One of the most quoted models of cholinergic vasodilator control of a regional circulation in mammals, including humans, is the erectile process. 4 In reality it is unlikely that acetylcholine has a primary vasodilator role in this complex autonomic activity, which involves pelvic, hypogastric, and sympathetic chain fibers. 37 ' 38 Two main hemodynamic events are integral to the process: an initial dilation of the inflow arteries and a subsequent opening of "shunt vessels," diverting flow into the cavernous spaces. 39 During erection the pressure within the corpora cavernosum increases from a detumescent value of 20 mm Hg to approximately 80-100 Acetylcholinesterase-positive fibers are found in abundance in the arterial inflow vessels of the penis of most species, such as rat, rabbit, cat, monkey, and man, 37 but close arterial administration of acetylcholine does not readily induce erection, and the arteries of the penis under in vitro conditions do not dilate to acetylcholine; instead, these vessels constrict. 41 Further, the inhibitory component of the multiphasic response of the penile artery to nerve stimulation in cattle and dog is atropineresistant 39 and unaffected by hemicholinium; thus, cholinergic involvement is unlikely. 41 Also, erection of the rabbit and dog penis elicited by stimulation of the sacral parasympathetic nerves is not antagonized by atropine. In the dog, very high concentrations of acetylcholine (10-50 mg/min) injected directly into the dorsal artery of the penis are needed to induce even a submaximal erectile response, a volume increase of 11 ml/100 g tissue, compared with 107 mJ/100 g tissue achieved with pelvic nerve stimulation.
To sustain the premise of cholinergic dilation of penile arteries, some researchers have proposed that dilation is achieved indirectly through the close juxtaposition of cholinergic and adrenergic axons. 43 In this context, vasodilation would result from cholinergic suppression of adrenergic tone on the resistance vessels. However, high concentrations of vasoactive intestinal polypeptide (VIP) have been detected in cat, dog, and human penis, and concentrated location of VIP in nerves around arterial tissue, occasionally penetrating the adventitia, indicates an extensive VIP innervation by a separate set of autonomic fibers, distinct from cholinesterasecontaining fibers. Abundant recent evidence, including the highly potent vasodilator effect and ability of VIP to induce erection, now supports a critical role for VIP in the erectile process.
Redistribution of arterial inflow and the accumulation of blood in the cavernous tissue during the erectile process appear partly dependent on a cholinergic mechanism, but this may involve the tone of the smooth muscle trabeculae of the cavernous bodies rather than that of vascular tissue directly. 39 It is clear that pelvic neural dilation of the resistance vessels is not cholinergic, and no pertinent evidence is available from which to conclude that the shunt vessels (helicine arteries) mediate a cholinergic dilator response.
Testicular Circulation
The neural control of the testicular circulation is unclear, but what we do know does not support a cholinergic dilator function for acetylcboline. The internal spermatic artery and its branches provide the main inflow to the testes and function as resistance vessels. The arterioles of the testes do not seem responsive to vasoactive agents. 38 The larger vessels are innervated by both adrenergic and acetylcholinesterase-containing fibers, at least in the rabbit.
-
44
. 45 The testes of rat, sheep, and goat, perfused in situ, have not shown increased flow in response to even large doses of acetylcholine, but no data was provided to confirm the initial state of tone of these vessels. 45 " 47 Rings of bovine testicular arteries contract in vitro to acetylcholine over a broad concentration range (1x10"'to 3x 10" 7 ) (Kalsner, unpublished data).
Skeletal Muscle Circulation
Acetylcholine dilates skeletal muscle vascular beds, and textbooks of physiology generally place the status of cholinergic vasodilator fibers to skeletal muscle on a solid footing. However, the actual vessels innervated by cholinergic nerves and confirmation that these fibers synthesize and release acetylcholine have never been established for any species. The nerves are presumed to travel in the sympathetic outflow and to be activated as part of the defense reaction or in anticipation of exercise. The system was identified initially as an atropinesensitive vasodilation in the dog and cat hind limb in response to sympathetic chain activation or hypothalamic stimulation. The atropine-sensitive vasodilator response is not found in the rabbit, rat, or polecat, nor can it be identified in primates (monkey or baboon). Short-latency, short-duration vasodilations of the hindlimb are elicited in squirrel monkeys during hypothalamic stimulation, but these responses are not atropine-sensitive. 10 Uvnas 53 emphasized his inability to demonstrate the existence of vasodilator fibers in any of seven different species of primatefrom baboons down to pottos and bush babieseither by hypothalamic stimulation or by stimulation of the peripheral sympathetics after treatment with sympatholytics. He asked, "If the primates lack vasodilator nerves, is it reasonable to assume that Homo sapiens has any?" Further, cholinergic terminals could not be demonstrated in skeletal muscle samples from monkey and man. Atropinesensitive vasodilation of the forearm muscles in humans during mental stress and during stimuli that cause reflex vasoconstriction has been reported and deserves further attention. ' The transient and abrupt quality of the atropinesensitive response is a common finding in vascular systems purported to manifest a neurogenic cholinergic dilation and raises the possibility of an indirect mode of action. For example, in blood vessels innervated by both adrenergic and cholinergic nerve terminals, acetylcholine liberated from the cholinergic nerve endings might decrease neuronal release of norepinephrine, an atropine-sensitive action that exogenous acetylcholine is known to have. 52 Infusion of acetylcholine in low concentrations decreases both afferent and efferent arteriolar resistance in rats, 63 suggestive of EDRF involvement. Close intra-arterial injections of high doses of acetylcholine increase the resistance of cat and dog kidney perfused in situ, although not that of the rabbit. This contractile effect is attributed by Astrom and associates 64 to a direct action on the vascular smooth muscle cells since it is antagonized by atropine and enhanced by inhibition of cholinesterase. Acetylcholine also elicits a vasoconstrictor response in the in situ dog kidney after treatment with indomethacin for inhibition of prostaglandin synthesis, and this appears to be a direct muscarinic action. 65 A cholinergic component in the vasoconstrictor response to renal nerve stimulation in the dog has been suggested based on the augmentation of responses by physostigmine and their attenuation by atropine and hemicholinium. In vitro ring preparations of intact and denuded cattle and pig intrarenal arteries contract to acetylcholine, and do so to very low concentrations (3xl(T 9 to lxlO" 6 ), reflecting medial muscarinic receptors (Kalsner, unpublished data) . Infusion of acetylcholine into the renal artery of humans elicits dilation involving cortical vessels at low doses and medullary vessels at higher doses.-Relaxations to acetylcholine in human renal arteries in vitro that are entirely endothelium dependent have been described.
Cerebral Circulation
The cerebral vessels of some species have a histologically dense cholinergic innervation. Fibers that stain positively for acetylcholinesterase, a highaffinity choline-uptake system, and high levels of choline acetyltransferase have all been demonstrated, particularly in the cerebral vessels of the cat.
70
- 71 Whether these fibers are functional and whether they subserve a contractile or a dilator role is in dispute. 72 -73 Acetylcholine dilates cerebral vessels of the cat in vitro, but in the absence of endothelium only a constrictor response is seen, indicative of medial involvement. 73 ' 75 In the opinion of Lee, 73 -75 neurogenically released acetylcholine should constrict cerebral vessels rather than dilate them, reflecting the adventitial location of the release sites, which are closer to the medial constrictor than the endothelial dilator receptors. The interpretation of neural responses is complicated by the likely presence of a noncholinergic dilator transmitter. Although exogenous acetylcholine constricts cerebral arteries of the cat after intimal denudation, the response to nerve stimulation continues to be relaxation, and the response is atropine-resistant.
Only the early transient phase of the neurogenic vasodilator response of isolated strips of cerebral arteries of cat is reduced by atropine (5xlO~7 M). 76 It appears that the noncholinergic component is due to VIP. 77 Clear evidence of cholinergic constriction, however, has been obtained with the finding that contraction induced by transmural stimulation in the canine cerebral artery is enhanced by physostigmine and attenuated by atropine. 78 Also, cerebral arteries taken from premature and newborn baboons show pronounced contractions to acetylcholine although only small contractile responses are noted in vessels from adult baboons. 79 The response of these vessels to neural activation is not known.
Lung Circulation
The vasculature of the mammalian lung evolved from the aortic arch system feeding the gills of fish and the pulmonary system of amphibians and reptiles. 80 - 81 The mammalian fetus manifests the archetypical aortic arch configuration during embryological development, and it appears that a vagal constrictor innervation to the lungs has been retained in some species. The lung has two distinct circulations: 1) the nutritive supply of oxygen-rich blood that passes through the bronchial arterial system to the lung parenchyma and 2) the large-volume pulmonary circuit. These two circulations are considered here sequentially.
Bronchial The bronchial arteries of cattle and rhesus monkeys appear to have a parasympathetic innervation, as determined by the presence of both neuronalry localized acetylcholinesterase and clear intraneuronal vesicles (40-60 nM). 82 - 83 Strips of bovine bronchial artery show substantial atropinesensitive contractions to carbachol and to acetylcholine in concentrations above 10~7 M. 84 If tone is induced, low concentrations of acetylcholine (1 x 10~9 to lxlO" 7 M) relax the arterial strips, and this response is attributable to EDRF. 82 The response of the bronchial artery to cholinergic nerve activation is not established, but the presence of a substantial population of medial excitatory receptors for acetylcholine suggests that the response might be constriction.
Pulmonary. Acetylcholinesterase is present in most species, including rabbit, cat, sheep, and dog, as part of a network of vagal fibers, distinct from those that fluoresce to catecholamines. These nerve filaments surround the pulmonary arteries, generally on the outer surface of the media. 85 - 87 As summarized by Bergofsky, 88 "acetylcholine has one of the most perplexing effects on the pulmonary circulation." It constricts the pulmonary vessels in intact rabbit and sheep, as well as in the isolated lungs of the dog and the perfused lungs of monkey, rat, and guinea pig, but not those of calves or cats. 89 - 93 These constrictions, seen as dosedependent increases in pulmonary artery pressure, are abolished by atropine.
Low doses of acetylcholine injected into the pulmonary vascular bed of dogs decrease resistance, but high doses increase resistance 94 ; this pattern may be similar to that in humans. 95 Other researchers report that the direct intralobar administration of acetylchohne is vasoconstrictive in the dog 91 but vasodilative in the cat 96 if, in the latter, resistance is first raised by other agonists. Strips of lobar arteries from dog and rabbit contract in vitro to acetylchohne. 97 Although isolated intrapulmonary arteries of rabbit constrict vigorously to acetylcholine, 92 ' 98 they show some endotheliumdependent relaxation if tone is first produced with norepinephrine.-These same workers concluded, however, that in the intact lung "the contractile effects of acetylcholine predominate." A short-lived pulmonary dilation to intravenous acetylcholine has been reported in humans, but helical strips of human pulmonary arteries in vitro show both contractions and relaxations to acetylcholine, and these responses are atropinesensitive. An endothelially mediated relaxation of human pulmonary arteries to acetylcholine that gives way to medial constriction in the absence of endothelium has also been described. In retrospect, the sporadic contribution of EDRF, dependent on tissue preparation techniques, probably explains some of the unpredictability in the responses to acetylcholine.
Increases, decreases, and biphasic changes in vascular resistance to vagal stimulation have all been reported in the cat and dog. 96 - 102 Vagal activation increases pulmonary vascular resistance in vivo in rabbits 103 and in perfused guinea pig lungs, where the effect is blocked by atropine. 104 Pulmonary vasoconstriction in anesthetized sheep in response to water inhalation may also involve parasympathetic elements, since the effect is blunted by atropine. 92 Information is not available on the responses of the human pulmonary vasculature to vagal stimulation.
It appears that the pulmonary circuit has a neural innervation that incorporates cholinergic constrictor elements, an EDRF responsive to exogenous acetylcholine, and some organ-specific features. This system is an appropriate base from which to move later to a consideration of the coronary arteries, as the two share a common evolutionary origin in the vagally innervated branchial arch system of the fish gills.
Some Other Vessels
A vasodilator innervation to a cutaneous vascular bed, the rabbit ear, has been shown by Kalsner, 105 but the response is clearly noncholinergic and there is no firm evidence of a cholinergic dilator innervation to the cutaneous vasculature of animals or humans. 106 The vasculature of the nose, salivary glands, and tongue all have vasodilator innervations, but these are essentially atropine-resistant and involve primarily vasodilator peptides, particularly VIP. 107 . 108 Stimulation of the facial nerve in rabbits increases blood flow to the iris, ciliary processes, tongue, and nictitating membrane, but these effects are not reliably antagonized by atropine. 109 Physostigmine enhances neural vasodilation of the denuded lingual artery to the tongue of the cat and rabbit after adrenergic neuron blockade, 76 -110 and the initial transient part of this response is atropine-sensitive, which suggests acetylcholine involvement. 76 The case for cholinergic vasodilation is at its strongest with the posterior auricular artery of cats. This vessel dilates to field stimulation, after elimination of sympathetic activity and after the generation of a high level of tone. 111 The dilator responses are sustained after removal of the endothelium, reduced by atropine, and enhanced by physostigmine. These observations with certain arteries of the head are of special interest here, as they may constitute the only well-substantiated instances of neurally mediated relaxation of vascular smooth muscle by acetylchohne, and they appear to involve medial muscarinic receptors for acetylcholine rather than EDRF. It should be understood that VIP is implicated in these relaxations as well.
The main uterine artery of the guinea pig, but not the intrinsic uterine circulation, is reported to have a dual adrenergic-constrictor and cholinergicdilator innervation. 112 -114 Evidence for its operation, however, is seen only in pregnant guinea pigs, and the equivalent arteries of rat, cat, rabbit, sheep, and cow are devoid of plexuses that stain for acetylcholinesterase. 115 Umbilical vessels constrict to both acetylcholine and norepinephrine 116 -118 and may be innervated by cholinergic fibers, 118120 but the direction of the neurogenic response is unknown.
The effect of vagal stimulation on mesenteric blood flow does not provide ready support for cholinergic dilation. According to Grim, 121 "the results of studies with acetylcholine are contradictory," and he cautions that "care should be exercised in concluding that acetylcholine has a dilator effect in the intact normally perfused intestine." Transmural field stimulation does increase small intestinal blood flow in cats in situ. These dilations are antagonized by tetrodotoxin, confirming their neural origin, bttt they are uoagected by atropine and probably involve a peptide mediator. 122 Pelvic nerve stimulation produces a pronounced reddening of the rectal mucosa, and the vasodilator innervation to the rectum was long considered to be cholinergic. 123 These dilations, however, are similar in time course and magnitude both in the absence and in the presence of atropine. In contrast, infusions of VIP dilate the rectal circulation very much like the neural response, and pelvic nerve stimulation releases substantial amounts of VIP into the rectal circulation. 123 The arterioles in the spleen of the mouse constrict to both topically applied acetylcholine and norepinephrine, suggesting the presence of medial muscarinic contractile receptors for acetylcholine. 124 The constriction in response to acetylcholine is more intense than that to norepinephrine and is blocked by atropine and enhanced by physostigmine.
Veins
A variable sympathetic innervation has been described for peripheral veins, ranging from dense to nonexistent (e.g., saphenous versus brachial), but these veins are widely presumed to lack a cholinergic innervation. 125 However, we have already described examples of such an innervation in lower vertebrates, in which it is constrictor. 35 The media of the pulmonary veins of rat and pig stain positively for acetylcholinesterase-containing fibers down to the fourth division, 83 ' 85 as do the main lobar veins of guinea pig, rabbit, cat, sheep, and pig, 83 and the assumption is usually made that neurogenically released acetylcholine mediates vasodilation. However, rabbit pulmonary veins constrict to acetylcholine in vivo. 92 Similarly, constrictions of the small lobar veins to local infusions of acetylcholine have been reported in an in situ, hemodynamically isolated and perfused lobe of dog lung, and these constrictions are not due to indirect effects on respiration or to changes in blood chemistry.
The responses of systemic veins to acetylcholine and to neural activation have been studied in the dog, 126 -128 leading to the proposal that veins be categorized into two groups on the basis of embryological origin. The body of the vertebrate embryo may be considered a double tube, with the outer tube the body wall and the inner tube the digestive tract. The visceral coelomic epithelium is then the common origin of smooth muscles of both the digestive tube and the portal and mesenteric veins.
37 - 129 In addition to an adrenergic innervation, there is evidence of a cholinergic constrictor innervation to the visceral portion of the inferior vena cava and to the portal and mesenteric veins in the dog, similar to that to intestinal smooth muscle.
These abdominal vessels stain positively for acetylcholinesterase, 130 and both longitudinal and circular muscle strips of these vessels contract to transmural field stimulation after combined a x -and a 2 -adrenergic receptor blockade. 126 " 128 This residual but substantial constriction is blocked by atropine and enhanced and prolonged by physostigmine and neostigmine. The cholinergic contractile response is evoked in the middle segment of the inferior vena cava and in the portal vein by stimulation of the greater splanchnic nerve. The longitudinal muscle of sheep and bovine mesenteric veins also contracts to acetylcholine and to field stimulation, 131 -132 and this response is only slightly impaired by phentolamine although it is abolished by atropine. In contrast, veins from the body wall, such as the external jugular and lateral saphenous veins, do not appear to have a cholinergic innervation. No evidence is available showing a dilation in response to cholinergic (neural) activation of veins. Some human saphenous vein segments (30%) relax to exogenous acetylcholine, 101 as do vessels from the dog, 133 but these responses are dependent on an intact endothelium and EDRF. Eighty percent of human pulmonary veins tested in vitro constrict to acetylcholine.
Coronary Circulation Embryological Basis of Cholinergic Constriction
The aortic arches of fish have been modified to serve the respiratory apparatus of amphibians and land animals, and they retain a substantial vagal constrictor innervation, as we have already discussed. Considerable evolutionary evidence has also been presented here that vasoconstriction to acetylcholine is an authentic response that persists in higher mammals.
The coronary circulation of the heart derives from that same aortic arch system that moves blood through the gills of fish. In the teleost, the hypobranchial artery, which receives blood from arterial collector loops surrounding the gill chambers, supplies the heart with oxygenated blood; in amphibians, its equivalent is an efferent branchial vessel that carries oxygenated blood into the heart wall. 80 ' 83 -134 ' 135 During human embryological development all six primitive aortic arches develop and are systematically eliminated or modified to suit mammalian forms. It is proposed here that a vagal excitatory innervation to the coronary circulation is retained in most mammals, along with medial muscarinic receptors, and that EDRF, which makes its appearance fairly late in evolution, probably does not relate to the neural actions of acetylcholine.
The Presence of Cholinergic Fibers
An early observation by Woollard 136 of a vagal innervation to the coronary arteries in the dog, based on nerve profiles remaining after sympathetic denervation, has been amply confirmed and extended to other species, including humans.
137 - 138 The actual endings of the vagal terminal filaments "intermingle with great complexity" but without specific distinguishable morphological features, 138 as distinct from sensory structures. 139 Coronary arteries of rats, cattle, and rabbits contain substantial amounts of acetylcholinesterase concentrated in noncatecholcontaining fibers and only minimal amounts of nonspecific cholinesterase, a pattern opposite that found in vessels that lack a cholinergic innervation, such as the aorta. The parasympathetic fibers appear to so richly innervate the vessels of humans that Hirsch and Borghard-Erdle 138 concluded that the coronary arterioles are supplied only by vagal fibers. More recently, Derin and Stone 141 confirmed a perivascular system of acetylcholinesterasecontaining fibers in the dog that course through the adventitia and persist after sympathetic denervation. Nerve filaments were noted to "dive towards the media," and fluorescent (catecholamine) fibers and acetylcholinesterase-staining fibers were seen to run within single Schwann cell sheaths. Boucek and coworkers 142 and Derm and Stone 141 commented that the parasympathetic innervation in the dog differed in major ways between individual coronary arteries. The likely presence of a cholinergic innervation to the large and small coronary arteries of primates was also shown based on acetylcholinesterase determinations in the velvet monkey after destruction of the sympathetic nerves with guanethidine.
The electron microscope cannot distinguish parasympathetic from sympathetic nerve terminals based on structure, 144 and reliable distinctions cannot be made between terminal, nonterminal, and preterminal elements. Further, cholinergic nerves show successive beadings and narrowings, an observation that we are accustomed to relate to adrenergic fibers. The probability of a dual innervation of coronary vessels is supported, however, in that both light-core (acetylcholinesterase-staining) 145 and dense-core (adrenergic) vesicles are found associated with individual fibers. In one study of rabbit coronary arteries, axons containing light-core microvesicles were identified equidistant between cardiac muscle cells and small arterioles, and some of these microvesicles approached as close as 200 /im to the arteriolar muscle. 146 Although a histochemical strategy for unequivocal confirmation of acetylcholine-containing nerves is not yet available, the evidence warrants the conclusion that the vagus innervates the coronary vasculature and, in the opinion of Pace, "represents one of the few distributions of parasympathetic nerves to blood vessels in the body."
Vasomotor Effects of Acetylcholine: General Observations
The current prevailing view is that acetylcholine and cholinergic nerve activation increase blood flow through the circulation of the heart and dilate coronary arteries in vivo. 147 -156 In keeping with this belief, recent reviews have concluded that there is little doubt that coronary vessels dilate in response to acetylcholine, 157 that "parasympathetic coronary vasodilation has been demonstrated in nearly every study" where heart rate was controlled, 155 and that "there is little doubt that activation of the vagi can elicit coronary vasodilation." 158 In retrospect, the essential difficulty with this view is not in the accuracy of the published experimental data but that almost without exception the data were confined to the dog and then generalized to other species, including humans. Information about most other aspects of human physiology, however, come to us more often from a varied mix of species, some of which are quite low on the evolutionary ladder, and this in itself should alert us to the potential for an occasional misreading of the relevance and applicability to humans of data from the dog. 57 Increasing awareness of species variability is now leading to a more useful blend of data, which will be discussed below. It is important, however, also to assess the direction in which research with the dog has led us vis-a-vis our understanding of cholinergic regulation of the coronary circulation. Although the dog does have a parasympathetic innervation, the canine response to acetylcholine will be shown here to be qualitatively distinct from that of most other mammalian species so far studied.
Acetylcholine In Vitro Ring preparations of dog coronary artery relax to acetylcholine over a very broad concentration range (7xlO~9 to 7xlO" 5 M). 58 No clear contraction is demonstrable in the dog vessels even after removal of the endothelium, 58159 but a small, usually inconspicuous population of medial contractile receptors for acetylcholine may be present. 160 In contrast, coronary arteries from sheep, pigs, and cattle in vitro contract consistently to acetylcholine, even with an intact endothelium and sufficient tone to maximize the opportunity for relaxation. This reflects the predominance of medial constrictor receptors over EDRF.
58 - 161 Destruction of the EDRF-producing cells does not significantly modify their contractions to acetylcholine. 58 ' 162 These constrictor responses need only low concentrations of the choline ester (e.g., 7xlO~9 M) and reach a maximal magnitude comparable with responses to the most active coronary stimulants. 37 ' 58 ' 163 -164 Acetylcholine is so reliable a constrictor of coronary arteries in species such as the pig that it is used to induce contractions from which to study EDRFrelated relaxations initiated by other agents, including substance P. Coronary arteries from monkey do relax occasionally to acetylchoUne, indicating some EDRF liberation, but the predominant response again is constriction. In contrast, the rabbit aorta, with an EDRF that is highly responsive to acetylcholine, requires high concentrations of the ester to achieve even small contractions, and these responses are due to the presence of only a modest population of medial muscarinic receptors.'-Norepinephrine, on the other hand, relaxes the coronary vessels of most species, including sheep, pigs, and cattle, and docs so over a broad concentration range (6xlO~ to 2xlO" M).
Such results make clear that coronary vessels in vitro may be placed into two relevant categories, which should be kept in mind for later discussion. One category consists of those vessels that relax to a range of concentrations of acetylcholine, via an EDRF that is highly responsive to acetylcholine, and that even after denudation show only minimal contractions to moderate concentrations of acetylcholine (e.g., dog) due to a paucity of medial receptors. The other category consists of those vessels that respond primarily with contraction to moderate concentrations of acetylcholine (which may be magnified after denudation), reflecting both a high density of medial contractile receptors and an EDRF that is not particularly responsive to acetylcholine (e.g., cattle and pigs).
Intact hearts of rat and guinea pig perfused in vitro through their coronary circulations dilate to low concentrations of acetylcholine presented intraluminalry but constrict to higher concentrations, and both effects are blocked by atropine. 166 In all likelihood the relaxation is attributable to EDRF and the constrictions to medial receptors for acetylcholine. My laboratory has shown that nonbeating preparations of cattle, pig, and sheep heart in vitro respond to infusions of low to moderate concentrations of acetylcholine into the left or right coronary artery, with increases in perfusion pressure signifying vasoconstriction of resistance vessels, confirming the unimportance of EDRF in mediation of acetylcholine action in these vessels even in conditions that maximize its involvement 163 ( Figures 1  and 2 ). The vasoconstrictions in the cattle heart are magnified after inhibition of acetylcholinesterase with physostigmine and abolished by atropine, consistent with what is observed in vitro with strip and ring preparations. With similar consistency, the perfused coronary vasculature of cattle relaxes to infusion or injection of norepinephrine, as do strip and ring preparations.
Acetylcholine in Humans
Human epicardial coronary arteries in vitro contract to acetylcholine. 58 ' 167 A study by Kalsner 58 examined this response in detail initially by use of vessels removed from patients within 2-10 hours of death due to diverse causes, both cardiac and noncardiac. Ring and strip preparations of circumflex and right and left descending coronary artery and proximal portions of their major branches all contracted to low, moderate, and high concentrations of acetylcholine (7x 10" 9 to 2x 10~5 M), with an EQo of 7.8xlO" 7 M. These atropine-sensitive contractions were of comparable magnitude to those of the most potent known coronary constrictors, such as ergonovine and 5-hydroxytryptamine, and were double the magnitude of those to norepinephrine, which is a relatively weak excitant of the human vessels. Responses were elicited under conditions of low and high tone, both spontaneous and agonistinduced, to allow full visualization of any relaxant capability, and none was observed.
The endothelium is not particularly vulnerable to anoxia, at least in rabbit aorta, and human preparations with a histologically intact endothelial layer ation 5Hz 5 
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FIGURE 1. Responses of coronary vasculature in an isolated and perfused slab of beef ventricle to acetylcholine and to nerve stimulation and the effects of antagonists. Panels A and B: Vasoconstrictor effects of acetylcholine infusions (ixlO*6 and 3x20~* glml) in absence (A) and in presence (B) of physostigmine (3xlO~7 glml). Panel C: Lack of blockade by hexamethonium (lxW
glml, added in perfusion reservoir) of vasoconstrictor response to periarterial nerve stimulation in presence of physostigmine (3xlO~7 glml). Panel D: Responses to nerve stimulation of the same preparation as shown in panel C but after addition of atropine (lxlO'
7 glml) to perfusion medium. obtained post mortem contract to acetylcholine. 58 Furchgott and Zawadzki 165 have pointed out that retention of even only a few percent of the endothelial cells allows substantial expression of relaxation. Constriction of the human arteries in vitro to acetylcholine in the presence or absence of endothelium has now been confirmed by others, 168 as has the stability of responses in postmortem coronary tissue up to 8 hours after death. 168 A vasoconstrictor response to acetylcholine in human coronary arteries from hearts removed during transplants even in the absence of atherosclerosis has also been noted.-A recent study in vessels from transplanted hearts recorded clear constrictions in 23 vessel segments from 10 patients but could not show reliable relaxations to acetylcholine. The calcium ionophore A23187 however, induced consistent endothelially mediated relaxations in these same preparations. Another group has claimed that some degree of EDRF-mediated relaxation is detectable in nonatherosclerotic vessels removed from human hearts, but the observed effects do not seem substantial.
induced atropine-sensitive increases in coronary flow is also apparent in other reports. In one of them, the peak response occurred after 4 seconds of stimulation at 4 Hz and flow then declined, sometimes to below control levels, within 60 seconds. 198 In another study, the maximal effect of vagal stimulation on coronary flow in open-chest dogs occurred within 2 seconds of the onset of stimulation. 199 In still another, vagally mediated increases in transmural coronary flow were reported after ^-receptor blockade, but only one high-stimulation frequency was used (30 Hz), and the response had a sharp onset and decayed rapidly. 156 Thirty seconds into the stimulation, the dilation was a small fraction (20%) of its initial peak value.
Reflexly initiated parasympathetic dilations in the dog that are blocked by atropine, reflecting chemoreceptor and more recently baroreceptor involvement, have also been reported. 205 - 207 In a recent study in conscious dogs, the intracoronary injection of veratridine elicited an atropine-sensitive coronary vasodilation that peaked in 8 seconds and was essentially over within 25 seconds. 208 A graded baroreceptor-mediated (carotid sinus hypertension) coronary vasodilation, attributable in part to activation of parasympathetic dilator fibers, has been described. 209 Again, however, the response peaked within 10 seconds of the initiation of the reflex and decayed rapidly, disappearing almost completely within 20 seconds.
The possibility that cholinergic vasodilator fibers might run anatomically in the sympathetic chains has been suggested, 210 but recent work by Feigl 155 -211 casts doubt on this possibility. The consequences of parasympathetic nerve stimulation on coronary flow have not been well studied in species other than the dog. An early report by Kalsner 164 in 1979 described coronary constriction to periarterial stimulation of isolated perfused cattle heart at low frequencies (2-10 Hz) by electrodes placed around the cannulated portion of the left anterior descending artery, thus ensuring a neural response conducted through the resistance vessels of the vascular bed (Figure 1 ). After inhibition of cholinesterase, these nerveinduced constrictions were much enhanced and their duration considerably extended 164 ( Figure 1 ). The responses were reproducible over several hours and were eliminated by atropine (lxlO~7 g/ml), but not by phentolamine and propranolol or by ganglionic blockade. 164 Human coronary artery strips contract to lowfrequency stimulation, probably reflecting contributions from both adrenergic and cholinergic nerves as they were partially antagonized by atropine and phentolamine.
57 - 164 Periarterial stimulation of a perfused human myocardial slab in vitro elicited a vasoconstrictor response involving resistance vessels that was antagonized by atropine. 161 Enhanced liberation of norepinephrine from sympathetic nerves by endogenous or exogenous ace- tylcholine through an indirect "tyramine-like" sympathomimetic action 212 is a highly unlikely explanation for the observed contractions since strips of human coronary artery stimulated at 2 or 5 Hz were shown by Kalsner 58 to release less rather than more norepinephrine in the presence of a choline ester (acetylcholine or methacholine). This finding is similar to that reported for skeletal muscle and other vascular preparations, including the coronary vessels of the dog. - 214 As further evidence against such an indirect mechanism of action, acetylcholine and not norepinephrine is the more potent constrictor of human coronary muscle.
57
The Nature of the Contractile Response The muscarinic receptors mediating dilation in the dog coronary vessels are not medial but endothelial. This topography demands that acetylcholine released from nerves at the adventitial border cross the width of the media to release EDRF, which, in turn, must migrate medially to activate guanylate cyclase and initiate relaxation. Future work must reconcile this requirement with the fact that the neurally elicited dilator responses described above, represented as increases in coronary flow, peak within 10 seconds, are not sustained, and are essentially over within 20-30 seconds despite continuing stimulation. ment. The possibility that decreased myocardial tissue pressure, associated with the negative inotropic effect, is a contributing factor to the vagalry induced dilation in the dog should not be excluded from consideration.
To complicate matters, it has yet to be shown that neurogenically liberated acetylcnoline releases EDRF in any substantial amounts. EDRF liberated by exogenous acetylcholine does not a priori explain responses to neurogenically released acetylcholine. This is particularly clear in tissues that have highly responsive medial constrictor receptors for the transmitter, activation of which must be discounted for neuronal acetylcholine for achievement of predominantly EDRF-mediated relaxations. In vitro conditions in which acetylcholine is applied simultaneously to both the intimal and adventitial surfaces of a vessel do not simulate conditions in vivo in which neurogenic release of acetylcholine is asymmetric and remote from the endothelial surface. We do not yet have precise information about the mobility of neurotransmitters in the vascular wall, but Kalsner 105 has shown that agonist applied to one surface or the other of the rabbit ear artery does not distribute equally but instead preferentially activates the surface of contact. Presentation of acetylcholine to the EDRF-releasing cells is maximized by intraluminal perfusion or injection into a vascular bed. For example, Cohen and colleagues 215 have shown that acetylcholine relaxes an isolated and perfused coronary artery of dog only when given intraluminally, and Angus and colleagues found with dog femoral artery that 50-100 times higher concentrations of acetylcholine are needed at the adventitial than at the intimal surface for liberation of EDRF.
In a unique approach to the question, Garland and Keatinge 175 established that the outer muscle of cattle coronary arteries is highly responsive to the choline ester and constricts to it, but that the inner muscle is essentially insensitive. Importantly, the cholinergic innervation is distributed in the adventitia, and only in the outer 25% of the media. Bell 114 in his own study of uterine vessel innervation questioned whether smooth muscle cells other than those in the outermost layers are directly affected by transmitter released from nerves. In further support of the idea of transmural gradients of reactivity and response, it has been shown that the outer layers of aorta have a low sensitivity to EDRF 175 ; coupled with EDRF's short half-life, this suggests that the substance interacts primarily with vascular smooth muscle cells in the inner media, near the sites of its release. The possibility of electrogenic propagation of the EDRF-initiated signal across the vascular wall needs to be considered, but there is no evidence at present to support the likelihood of its occurrence. It should be emphasized that the role of EDRF in vascular function is likely important in a number of ways that are unrelated to neuronal acetylcholine.
Relaxation of vessels by acetylcholine injected or infused into the general circulation or into a regional bed to reach resistance vessels demonstrates the presence of EDRF but provides no insight into the direction or quantity of the response to cholinergic nerve activation, particularly when medial constrictor receptors are also present. Additionally, the question of the presence of EDRF in smaller arteries and arterioles in the heart is unresolved, with some workers even suggesting that EDRF is not generally functional in arterioles, 218 although others disagree. 219 . 220 However, even if EDRF operates in the resistance vessels of the heart, it may be as little susceptible to activation by acetylcholine as in the large vessels of most species.
Studies with perfused cattle and pig hearts provide no support for EDRF as the critical determinant of cholinergic mechanisms in resistance vessels in the coronary circulation. Both large and small coronary arteries constrict to acetylcholine, and this includes intramural vessels as well as the large epicardial trunks and their branches.
57 - 177 -221 In perfused left ventricle of pig in vitro, both nitroglycerin and adenosine are necessary to nullify the vasoconstriction to infusion of acetylcholine, signifying participation of both large and small vessels, which predominantly relax to nitroglycerin and adenosine, respectively. 190 Recent identification of EDRF with a nitric oxide-like substance, which perhaps explains the action of nitrite dilators, also highlights the issue of medial cell reactivity since nitroglycerin does not readily dilate the very small coronary arteries. In this context, it should be noted that the large coronary arteries of a number of species that have substantial medial constrictor receptors for acetylcholine seem simultaneously to lack an EDRF that is highly responsive to release by acetylcholine (cattle, pig, and human versus dog).
Is acetylcholine ever an endogenous trigger of EDRF release from vascular walls? Probably not directly through neural mechanisms in large arteries or in-the coronary circulation in general. However, this action may be more likely in small resistance vessels in some other vascular beds (e.g., skeletal muscle), where diffusion distances are short and EDRF is abundant and more readily susceptible to liberation by acetylcholine. Evidence for neural involvement would be the demonstration of a cholinergic dilator innervation that is fully sensitive to endothelial disruption, and this has not been shown for any vascular system in any species. It is also conceivable that acetylcholine is produced in nonneural cells and utilizes EDRF as a local hormone in homeostasis..
-Ĉ linical Significance of the Cholinergic Innervation to Human Coronary Arterieb
Spasm, or occlusion, of a large epicardial coronary artery has been implicated in a range of acute myocardial events including angina, infarction, and sudden death. 224 Spasm converts a conduit vessel into a major resistance portion of the coronary circulation.
It is proposed here that a cholinergic innervation comprises a major neural constrictor mechanism in human epicardial coronary vessels and may be implicated in spasm in a number of possible ways. These include an abnormal, inappropriate, or heightened parasympathetic discharge; an altered and, enhanced background of reactivity of vascular smooth muscle; or a lumen compromised structurally by atherosclerosis, permitting the thickened walj to magnify the consequences on flow of neuraMy induced contraction. There is evidence to support each of these possibilities.
We know little about how cholinergic constrictor nerves to the coronary vessels might be activated or become hyperactive. We are not even knowledgeable as to the range of discharge rates of efferent parasympathetic fibers or the conditions that maximize central outflow patterns. For example, deGroat and associates recorded high-frequency bursts of up to 60/sec from efferent peripheral parasympathetic fibers, in addition to the anticipated low-frequency discharge (below 10/sec). Such high-frequency discharge could have adverse consequences on flow and hence ventricular rhythm if inappropriately manifested in the coronary arteries.
There is a circadian rhythm in the time of onset of acute myocardial infarction, with a pronounced early morning peak. The highest incidence of ST segment shifts also occurs in these quiescent early hours. 226 Contrary to popular belief, the majority (59%) of myocardial infarctions occur in patients while sleeping or resting and only a few percent take place during heavy physical exertion.
227 Sleep is primarily a period of vagotonia, and a polygraphic study has shown that ischemic S-T wave changes that occur during sleep do not appear to involve episodes of heightened adrenergic activity and are not preceded by heart rate increases.
Parasympathetic activity and emotional states are a neglected area of study, but Engel 229 in his psychological profile of sudden death noted that "giving up or helplessness or hopelessness" (a parasympathetic state) is as common an antecedent as "overwhelming excitation." Bashour et al 230 commented that autonomic concomitants of coronary vasospasm include unhappiness and depression. Emotional stress induces angina and ST segment changes at a lower oxygen consumption than does exercise, suggesting autonomic involvement, 231 but not through catecholamines, since their plasma and urinary levels (including metabolites) did not increase during such spontaneous bouts of ST segment elevation. 232 Vagal activation of an epicardial coronary artery segment during rest might be particularly dangerous since metabolite accumulation would not easily override an upstream event of this magnitude-a conduit artery acting as a key resistance element.
The sympathetic and parasympathetic neurons can be coactivated during hypoxia or, in some species, during the diving reflex, components of which are retained in.humans. 233 Simultaneous onset of sympathetic and parasympathetic activity increases myocardial vulnerability to arrhythmias.
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The postexercise period is known to be a particularly vulnerable pexiod for the development of serious or fatal arrhythmias, and Corr and associates 233 consider this to be a period of "vagal excitation". Although arrhythmogenesis is generally attributed to altered electrophysiological properties of the myocardial ceHs, it is suggested here that coronary constriction by neurogenic acetylcholine is proba-bly involved in some instances, initiating a hypoxic state from which the arrhythmia derives.
Central nervous system activation of autonomic outflow to the coronary circulation has been little studied, and most of the work has been confined to the dog or cat, 234 -236 but the results with these species indicate hypothalamic pathways that may initiate coronary vasospasm via autonomic efferents. It is hoped that over the next several years we will gain insight into the mechanisms and incidence of centrally triggered activity in cholinergic efferents to the coronary vessels that will place it in perspective alongside the role of adrenergic constrictor mechanisms. It is important to note that innervation of the coronary arteries may differ significantly between individual vessels or even between vessel segments,"-further complicating our attempts to understand neural control.
Spasm can occur in the absence of atheromatous obstruction or, conversely, in the presence of severe triple-vessel disease. In the latter and more frequent case, remaining viable smooth muscle elements can elicit sufficient reduction in a compromised lumen to precipitate an acute ischemic episode. Most human atherosclerotic lesions are eccentric, with an arc of normal vessel wall.
238
- 239 During constriction the luminal radius decreases more than does the outer radius, such that only a small shortening around an atheroma is required. For a vessel with an 80% stenotic lesion, the "lumenal decrements in adjacent normal segments required to occlude the vessel completely may be as slight as 0.5% of the unconstricted radius." 235 In other words, "even a minute decrease in internal diameter causes the stenosis to become supercritical and severely limit flow."
Confirmation of a role for abrupt neurogenic coronary contraction (either adrenergic or cholinergic) in sudden death (e.g., ventricular fibrillation resulting from myocardial hypoxia) is obviously difficult to obtain. However, a body of evidence does suggest it, including the lack of an initiating occluding thrombus in a number of cases. A heightened reactivity to stimulants of localized atherosclerotic regions of the epicardial arteries has been established in pigs and humans, 57 -241 as has the loss of EDRF-mediated relaxation in atherosclerotic peripheral vessels. 242 Kalsner and Richards 243 have shown that coronary arteries removed soon after death from the hearts of cardiac and older patients have an enhanced reactivity to a variety of agonists compared with a control population, as well as an increased spontaneous tone.
High concentrations of histamine and 5-hydroxytryptamine have also been reported in the vessel segments from the hearts of cardiac patients, 243 and the participation of these amines in vasospasm, along with cholinergic mechanisms, needs further study. Although loss or attenuation of EDRF may be a contributing factor in spasm, it is not likely to be a full and sufficient explanation, phy in groups 2 (4.7±0.6) and 3 (4.4±0.4) as compared with the control group (3.8±0.3). Left ventricular hypertrophy was also evident from the left ventricle to body weight ratio. Right ventricular weight (g) was significantly increased in group 3 (0.30±0.04) as compared with the control group (0.25±0.04) and group 2 (0.25±0.03). Body weight tended to be higher in group 3, but there was no statistical difference between the three groups.
Collagen Volume Fraction and Morphology
In comparison with controls (3.0±0.5), the morphometrically determined collagen volume fraction (%) was significantly (p<0.0l) elevated in group 2 (24.6±5.5) and group 3 (24.2±8.5). The increase in collagen concentration in the isoproterenol-treated groups was distributed primarily within the endomyocardium of the left ventricle. There was no additional increase in collagen volume fraction 30 days after isoproterenol treatment.
The endomyocardial fibrosis found in groups 2 and 3 is shown in Figures 1 and 2 , respectively. The fibrillar nature of collagen that accumulated around muscle fibers is apparent with the picrosirius technique. After a 10-day course of isoproterenol (see Figure 1 ), a meshwork of thick and thin collagen fibers can be seen to partially cover endomyocardial muscle fibers having a uniform diameter. Thirty days after isoproterenol-induced fibrosis (see Figure 2) had been established, muscle fibers of the endomyocardium either have disappeared or have a variable diameter. In the central regions of the collagen meshwork, muscle fiber diameter had fallen to the greatest extent. Degenerating muscle was seen to have a vacuolated appearance. Loose connective tissue appeared in the areas previously occupied by muscle fibers. Scanning electron microscopy (see Figure 3) indicated the crisscrossing nature of the collagen fiber meshwork that enveloped muscle cells in group 3 hearts.
Active and Passive Stiffness
The developed systolic stress-strain relation for each group was highly linear (rs0. 97 ). An analysis of covariance resulted in a highly significant F value indicating differences between groups. The forcegenerating capacity of the myocardium, or its active stiffness (g/cm 2 ), was significantly (/><0.01) greater than controls (360±7) in both groups 2 (446±12) and 3 (403±8). However, in group 3, active stiffness had declined (j?<0.05) from that seen in group 2. Developed systolic stress (g/cm 2 ) at 0% strain was significantly reduced in group 2 (23±9); in group 3 (34±11), it did not differ from the control group (41 ±13). Linear correlations (r^O.87) were also found for the diastolic stress-stain relation for each experimental group. Significant (/?<0.01) elevations in passive stiffness (g/cm 2 ) or the slope of this relation were seen in groups 2 (109±7) and 3 (114±2) compared with control (86 ±3) rats.
Discussion
Isoproterenol will induce myocyte necrosis sls ; however, the extent of necrosis appears to be dose dependent. In preliminary studies conducted in our laboratory, using the monoclonal antibody to the contractile protein myosin, we found that each dairy dose (1,000 /xg/kg) of subcutaneous isoproterenol will cause discrete foci of necrosis in the endomyocardium of the left and right ventricle and the interventricular septum within 12 hours. 16 Collins et al 8 have described the histological changes that occur in the myocardium after isoproterenol treatment, including the hypertrophy or increase in muscle fiber diameter in noninjured regions. Wexler
